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The alignment and relaxation dynamics of a polar dye molecule, N,N-dimethyl-4(4-nitrophenylazo)aniline
(DNAA), in zeolite L and perhydrotriphenylene (PHTP) channels were investigated by means of a combination
of optical, dielectric, and quantum-chemical methods. Both the zeolite L and PHTP channels enable the dye
molecules to align along the channel axis. An amplified net dipole moment of DNAA in PHTP is observed
and attributed to enhanced 1D close alignment of dye molecules. In zeolite L channels, a concentration gradient
is found with aggregation at the channel entrances. The dynamics of the dye in zeolite L channels reveals
localized conical rotational fluctuation modes following Arrhenius-type activation with energy of 0.31 eV,
which we assign to small noninteracting fluctuating polar units of the dyes being loosely aligned or isolated.
Unlike zeolite L, relaxations in PHTP are characterized by cooperative wobbling motions interpreted as
increased intermolecular dipole interaction due to a closely packed one-dimensional array. Temperature-
dependent activation energies of 0.25 eV below 0 °C and 0.37 eV at ambient temperature reflect the role of
the soft channel walls in the activation process.
1. Introduction
Organic chromophores, such as N,N-dimethyl-4(4-nitrophe-
nylazo)aniline (DNAA)(Figure 1), have attracted much attention
as active compounds in optoelectronic applications. Understand-
ing the fate of optically excited states or the transport of photonic
excitations (or charges) is of importance in optimizing the
properties of such devices. Their applications on the market “real
life” is, however, impeded by aggregation effects1,2 and
photostability.3,4 Such problems can be overcome by confining
the chromophores into channel-forming host materials such as
zeolite L5-7 or perhydrotriphenylene (PHTP)8-17 (see Figure 1).
The mobility of guest molecules in the channels is of signifi-
cance for high-precision calculations of excitation energy
transfer in light harvesting devices18,19 as well as in the design
of functional architectures that require a certain extent of
molecular mobility, such as molecular switches.
In the channels, however, it is expected that the mobility of
the DNAA guest is significantly restricted as compared with
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Figure 1. (a) Chemical structure of N,N-dimethyl-4(4-nitrophenyla-
zo)aniline (DNAA) molecule used in the study. Molecular dipole
moment µ ) 11.17 D is shown following convention that direction is
toward negative charge. The dipole components µ⊥ ) 1.25 D and µ|| )
11.10 D are taken about the molecular center of mass. The illustration
of (b) DNAA/PHTP and (c) DNAA/zeolite L inclusion compounds are
also shown with view perpendicular to the crystal c-axis. Dynamics of
DNAA in the channels is characterized by cooperative wobbling motion
(i) in PHTP and conical local fluctuation (ii) in zeolite L.
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the crystalline form. The possible degrees of freedom of guest
molecules in a channel matrix comprise both intra- and
intermolecular motions, depending on the rigidity of the channel
environment.20 For PHTP, previous studies by solid-state 13C
and 2H NMR,21,22 fluorescence excitation,22 and Raman spec-
troscopy23 as well as by quantum-chemical20,23,24 and molecular
dynamics calculations20,25 on nonpolar saturated21 and unsatura-
ted20,23 hydrocarbon guests, have revealed the tight but soft
nature of the surrounding PHTP host environment and its impact
on the guest dynamics. For polar guest inclusions, additional
relaxation modes are expected which result from the guest
polarity. These modes are not expected to be captured by the
techniques mentioned above. Thus, by employing the dielectric
technique in this study, we have the advantage to monitor
additional mobility by probing relaxation modes of the guest
polar groups. Being polar, DNAA represents a prototype
molecule for probing the effect of the matrix on the guest
mobility in inclusion compounds.
The two channel-forming host systems, the inorganic zeolite
L and the organic PHTP, differ in many respects. On one hand,
the PHTP-based molecular cocrystal sets up a tightly packed
but rather soft environment for rod-shaped molecules (see Figure
1) to form an almost perfect unipolar 1D collinear alignment8,10
adopting transversal motion only by lattice dynamics.22 The
inorganic frame, on the other hand, is more rigid, more cavity-
like, and features ionic charges;26-28 thus, neither 1D close
packed loading nor full collinear alignment is possible here.
Unipolarity of dipole alignment is governed by orientational
selectivity at the interface of channel entrances.29
In this paper, we report the dynamics of a polar DNAA probe
in the confinement of zeolite L and PHTP channel environments.
We use dielectric relaxation spectroscopy (DRS) to reveal
information about molecular dynamics of guest species, thus
allowing us to obtain a detailed picture on the mobility of a
nanometer-sized guest molecule inside the nanochannels. DRS
has the advantage, by utilizing a broad frequency and temper-
ature range, to distinguish between intramolecular motions such
as localized dipole fluctuations as well as overall intermolecular
reorientations of the molecule within its environment. The
combined polarized optical and dielectric methods together with
quantum-chemical calculations reveal the alignment and close
packing state of the guest molecule in both channel confine-
ments; hence, providing a deeper understanding of molecular
mobility in confined spaces.
2. Experimental
2.1. Synthesis and Dye Loading in Channels. Racemic
PHTP was synthesized as described in ref 30, and zeolite L, as
reported in refs 31 and 32. The N,N-dimethyl-4-(4-nitropheny-
lazo)aniline (DNAA) guest molecule (dye) was prepared ac-
cording to refs 33 and 34. Due to the nature of the channels in
both hosts, the inclusion compounds were prepared in two
different ways. For the purpose of ion exchange, the zeolite L
was stirred in an aqueous solution of KNO3 (1 mol/L, 5 h, 50
°C). Separated crystals were washed with double-distilled water
and centrifuged until neutral pH and then dried at 70 °C
overnight. The loading of the dye followed a well-established
gas-phase insertion procedure27 at 175 °C. To remove dye
molecules adsorbed on the outer surface, the zeolite L crystals
were rinsed repeatedly with a 1:500 Genapol X-080 (Fluka)-
to-water solution until fluorescence was not detected in the
washing solutions. The loading fraction (p) of the dye in the
channels was estimated to be 0.32 (see the Supporting Informa-
tion for the determination of dye loading). The organic PHTP
inclusion compound was prepared by slow cooling cocrystal-
lization from bromoform.35
2.2. Sample Preparation and Characterization. 2.2.1. Po-
larization Microscopy. To prepare thin crystals appropriate for
optical measurements, a droplet of DNAA/PHTP dissolved in
bromoform was deposited on a microscope slide for evaporation
at room temperature. Well-developed crystals were dispersed
in ethanol and analyzed with a Leitz microscope DM RXP
(built-in polarizers, coupled to a Sony XC-950 P CCD camera).
The samples were irradiated with linear polarized light in
transmission mode, and pictures were taken in real color.
2.2.2. Fluorescence and Confocal Microscopy. Zeolite L
crystals of type NZL 40 (Clariant) of diameter 1 mm and an
average length of 3.5 mm were used for the experiments.
Fluorescence microscopy was carried out with an Olympus BX-
41 equipped with a Hg high-pressure lamp; MBFL3, MWU2,
U-MWB2, and U-MWG2 excitation cubes (bright field, UV,
blue and green, respectively); an air objective 100 × 1.0; a color
camera; and a polarizer. Confocal microscopy and lifetime
distribution measurements were carried out on a PicoQuant
Microtime 200 time-resolved confocal microscope with a laser
diode (excitation at 400 nm, repetition frequency 40 MHz) and
100 × (NA 1.4) oil immersion objective. The emission was
detected using two single photon avalanche diodes set after a
460 nm long pass filter. The spectra of single crystals were
recorded on a fiber coupled spectrograph (Andor-Shamrock 163)
and EMCCD camera (Andor Newton DU970N) upon excitation
at 375 nm.
2.2.3. Dielectric Relaxation Experiments. For dielectric
relaxation measurements, the materials were pressed into pellets
of 10 mm diameter and a thickness in the range 0.6-1.3 mm
(kept between two brass electrodes). To improve the electrical
contact with the plate electrodes, the pellets were coated with
a thin layer of silver paste. Isothermal dielectric measurements
were performed in the frequency range of 1-107 Hz using a
high-resolution dielectric Alpha-analyzer (Novocontrol GmbH).
Generally, to erase any thermal history, samples were first heated
from room temperature to 100 °C and kept at this temperature
for 30 min. For zeolite L samples, a more elaborate annealing
procedure to eliminate adsorbed water36-39 was carried out for
which the samples were kept at 120 °C for 17 h before
measuring. The dielectric spectra were then obtained starting
from high temperature down to -120 °C and then back to high
temperatures in intervals of 2 °C. The high temperature limit
was chosen carefully taking into consideration the melting
temperatures of the different samples. The sample temperature
was controlled by a gas heating system based on evaporation
of liquid nitrogen (Quatro, Novocontrol GmbH) with a precision
of (0.2 °C. Details of the setup are found elsewhere.40
To analyze the data, the dielectric loss ε′′ was fitted to a
superposition of a conductivity contribution with one or two
relaxation functions according to the empirical formula (eq 1)
by Havriliak and Negami (HAVNEG).41
The first term on the right-hand side of the equation describes
the conductivity, whereas the second one corresponds to the
dipole contribution to the dielectric loss function. In this
notation, just one relaxation process is assumed. κ and λ are
dimensionless parameters describing the symmetric and asym-
metric broadening of the distribution of relaxation times,
ε′′(ω) ) σo
εo
a
ωs
+ Im{∆ε/[1 + (iωτ)κ]λ} (1)
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respectively, with 0 < (κ, κλ)e 1. For κ) λ ) 1, eq 1 simplifies
to the ideal Debye42 relaxation. εo is the permittivity of free
space, and σo is the direct current (dc) conductivity. The
exponent s equals 1 for ohmic behavior, and deviations (s < 1)
are a result of electrode polarization or Maxwell-Wagner
polarization effects (a is a factor having the dimensions [Hz]s-1,
for s * 1). From the fits according to eq 1, the relaxation rate
1/τmax can be deduced, which is given at the frequency of
maximum dielectric loss ε′′ at a fixed temperature, T. Within
experimental uncertainty, eq 1 describes our data well. The term
∆ε is the dielectric strength, which can be used to estimate the
value of the net dipole moment taking part in the relaxation
process. This can be done through the Kirkwood-Fro¨hlich
theory from the relation43-46
where g represents the Kirkwood-Fro¨hlich dipole correlation
factor, µ is the net dipole moment, Fµ is the dipole density, kB
is the Boltzmann constant, and T is the absolute temperature.
2.2.4. Quantum-Chemical Calculations of Dipole Enhance-
ment in a Chain. All calculations were done at the density
functional theory (DFT) level (employing the B3LYP func-
tional47 and 6-31+G* basis set within the Gaussian03 program
package48). The evolution of the net dipole moment for a head-
to-tail arrangement of a 1D array of DNAA molecules was
calculated by varying the angle R (see Figure 2) with respect
to alignment along the channel axis. The intermolecular separa-
tion was fixed to 16.84 Å between centers of mass, which
corresponds to the interguest van der Waals distance for a perfect
head-to-tail alignment.
3. Results and Discussion
3.1. DNAA: Electric Dipole Moment and Static Orienta-
tion in Channels. Figure 1a shows the projection of the DFT
calculated net dipole moment (µ ) 11.70 D) of a single DNAA
molecule in free space in the molecular plane with its smaller
transversal (µ⊥ ) 1.32 D) and larger longitudinal (µ|| ) 11.63
D) components. If the main molecular axis is defined in the
direction between the N of the nitro group and the N of the
amino group, the orientation of the net dipole moment deviates
by an angle of 6.47° from this main axis. The components of
the dipole reflect the molecule’s symmetry m (or Cs) and trans
configuration.33 The experimental net dipole moment of a
DNAA molecule is reported in the literature to be 7.5 ( 0.7
D;49-51 differences between experimental and calculated values
are attributed to solvent effects.51 DNAA forms antiparallel polar
chains (acentric point group 2) that minimize the alignment of
dipoles by orientational disorder of the azo moiety.33 The 25%
probability of orientational disorder in the inversion of the
-NdN-azo moiety reported in ref 33 results in the reduction
of the effective transversal (µ⊥) dipole component by the same
amount.
In the channels of zeolite L or PHTP, antiparallel chain
stacking within one channel is prohibited, and thus, single
molecules align themselves along the channel as depicted in
Figure 1b for DNAA in PHTP and Figure 1c for zeolite L
channels. Zeolite L has an entrance width of 7.1 Å, and PHTP
is somewhat capable of adapting its channel width with respect
to the guest, which for the case of DNAA, is 4.5 Å. Thus, due
to spatial restrictions,5-17 no side-by-side stacking of DNAA
molecules in the same channel is expected.
It has been argued in literature that the static arrangement of
guest molecules is governed by a head-to-tail arrangement in
zeolite L5-7 and PHTP8-17 channels. Dipole orientation is thus
similar, such that associated relaxations are confined to acces-
sible angles R. Qualitatively, Figure 1 shows that an isolated
DNAA molecule can assume a larger R angular distribution in
zeolite L than in PHTP channels. In zeolite L, by assuming a
center of mass of DNAA around the -NdN- bonds, the
terminal groups [NO2 or N(CH3)2] can sweep through a
transversal distance of ∼3.28 Å with respect to the c-axis. Given
that DNAA occupies two cells when inserted in zeolite L with
internal cross section diameter of 12.66 Å, it is evident that the
transversal sweep can be enhanced 3-fold at elevated thermal
agitation. In other words, larger angles R can be attained in
zeolite L than in PHTP. This is shown quantitatively in Figure
2a, where the evolution of µ as calculated by DFT is plotted as
a function of the cone angle R in a head-to-tail DNAA dimer
as compared with a dimer made of two isolated molecules in
both channels.
The fluctuation angle, R, is estimated (in first approximation)
from geometric factors: namely, the length of the DNAA
molecule and the space provided by channels. For zeolite L, R
was determined by Megelski et al7 to have a maximum at 72°
for oxonine molecule of 11.3 Å in length. Since DNAA is longer
(14.3 Å), we shall assume here an angle R < 72°. In PHTP, the
diameter of the channels is much smaller, and molecules feel
no free space for large R values. However, PHTP walls are more
dynamic, allowing enhanced R values by thermal agitation.22,23
Figure 2. (a) Evolution of the net dipole moment in a head-to-tail dimer (9) and in a dimer made of two isolated (•) DNAA molecules in channels
as a function of the cone angle R, as obtained from DFT calculations; (b) calculated total parallel dipole moment (µ|) of a head-to-tail 1D array and
of the corresponding isolated molecules. The percentage of dipole amplification (4) as a result of the head-to-tail (angle R ) 0) arrangement
vis-a`-vis isolated dipole arrangement is seen to reach a plateau of 45% at ∼32 molecules.
∆ε ≈ Fµ
µ2
3kBTεo
g (2)
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Consequently, these considerations indicate that large fluctuation
angles R up to 60° are associated with zeolite L and low ones
up to 30° to PHTP.
Calculations of the resulting µ| dipole moment of a 1D
molecular array of head-to-tail (collinear) oriented molecules
(Figure 2b) show dipole higher by 45% (amplification) as
compared with the sum of the dipole contributions of nonin-
teracting molecules. This amplification of µ|, which is attributed
to polarization-induced cooperative interactions,52,53 saturates at
about 10 molecules; that is, a chain length of 14.3 nm. Assuming
100% channel loading, the DNAA/PHTP crystal is expected to
be more polar (because of the 45% dipole amplification) as
compared with solid-state pristine DNAA crystal54 due to the
strongly enhanced global dipole moment resulting from the align-
ment of chains along the channel axes. For the case of the
DNAA/zeolite L crystal, the global dipole moment is expected
to be lower than that of DNAA/PHTP crystal owing to the larger
range of accessible R angles that reduces the µ| component.
The enhanced polarity of the channels has a nontrivial impact
on the molecular mobility as well as polarity-dependent proper-
ties such as optical anisotropy. Although the interaction between
the dimethylamino and nitro groups is apparently weak, the
dipole orientation and its subsequent amplification in the
channels will lead to different relaxation mechanisms as
compared with the pristine crystalline DNAA.54
3.2. DNAA Molecular Alignment and Distribution in
Channels: Polarized Fluorescence and Confocal Microscopy.
The preferential orientation of the DNAA molecules along the
channel axis can be experimentally accessed by polarized
absorption and fluorescence spectroscopic and microscopic
techniques, as was done for other guest molecules in zeolite
L7,27 and PHTP.10 Figure 3 shows two crystals of DNAA/PHTP
of ∼3-5 mm in length under polarized light. The crystals are
arranged perpendicular to each other. Upon illumination with
polarized light parallel to the channel c-axis, a red color is
observed (crystals C2 in a and C1 in b), but no red shows up
for the crystal perpendicular to the polarized light. Although
the dichroism observed by polarized microscopy is very
significant, the m molecular symmetry does not imply a unique
molecular axis. Therefore, a contribution from µ⊥ remains.
However, we can assume that this contribution can cancel out
by a two-dimensional (2D) rotational disorder.
For the micrometer-sized samples of zeolite L host-guest
crystals, fluorescence experiments were preferred instead of
polarized microscopy. Figure 4 shows fluorescence microscopy
images of DNAA in zeolite L. Similar to the case of PHTP,
both the crystals in i are visible when an unpolarized light source
is used. Under polarized conditions, the DNAA/zeolite L system
also shows a preferred general alignment (see Figure 4 ii, iii).
It can be seen that the other two crystals perpendicular to the
polarization direction are partially extinguished. It should be
noted here that the preference to occupy specific sites in zeolite
L 7,55 impedes the almost perfect alignment observed in PHTP.
Thus, perpendicular components against the main crystal axis
are partially visible, as also observed in other zeolite L loaded
systems.7,55,56
To trace the spatial distribution of guests, we used a confocal
microscopy. The crystal used in the experiment contains ∼2.65
× 1011 channels (number of channels ) 0.265d2, where d is
the channel diameter).7,55,56 The loading fraction determined in
Section 2.1 yields a 32% occupation probability31,32 of DNAA
molecules along each zeolite L channel. This translates in to
roughly 783 000 guest molecules per channel out of the expected
2 448 000 for 100% filling. The fluorescence lifetime distribution
as obtained from confocal microscopy (Figure 5) ranges from
1.5 to 2.5 ns. Slower excited state relaxations take place inside
the channels while faster processes are localized close to the
entrances, similar to previous observations in other dye-loaded
zeolite L systems.57 The inhomogeneous lifetime distribution
indicates two different nanoenvironments of the dye molecules
within the zeolite L channels. First, the middle part with its
long lifetimes reflects a relatively sparse population with
predominantly monomeric units. Second, toward the channel
entrances, (partial) aggregation of dye molecules57-59 are
detected, reflected as shorter lifetimes and moderately red-shifted
emissions due to exciton coupling between neighboring mol-
ecules. The aggregation might be a result of the loading process
in which dyes stack at the entrances, pushing previous guests
deeper into the channel, thus resulting in a concentration
gradient.
All together, despite the similarities between the inorganic
zeolite L and the organic host PHTP (of hexagonal symmetry
with similar interchannel distances and channel diameters),
pronounced differences exist. In zeolite L, the dyes are inho-
mogeneously distributed in rigid but somewhat spacious cavities,
which lead to partial aggregation as well as to pronounced
deviations from collinear arrangement along the channel axis.
In the case of PHTP, the unipolar oriented dye molecules are
homogenously distributed in a close-fitting but soft host
environment. With this in mind, we will now see how such a
density distribution and alignment influences the dynamics and,
hence, the mobility of the molecules in both hosts by analyzing
the dielectric relaxation data.
3.3. Relaxation of DNAA in Zeolite L and PHTP Chan-
nels: the γ and c Processes. Dielectric technique utilizes the
application of an alternating electric signal to a material at a
fixed frequency. When the material contains polar units, the
dipoles tend to follow the polarization of the applied field.
However, because of phase differences, the dielectric constant
is a complex function ε*(ω) ) ε′(ω) - iε′′(ω), where ε′(ω)
and ε′′(ω) are the frequency dependent real and imaginary parts,
respectively. The ε′′(ω) function is proportional to the dielectric
energy loss, that is, the dielectric loss, ε. When the characteristic
relaxation time τ of a fluctuating dipole corresponds to that of
an applied frequency (f ∝ 1/τ), the dielectric loss ε′′ goes to a
maximum, according to eq 1. Since ε′′ is the effective average
loss over all unique dipoles present in the molecule, the analysis
of the dielectric loss as a function of frequency and temperature
ε′′ (ω, T) reveals important parameters such as the relaxation
time of the polar units. The static molecular dipole moment µ
has a fixed orientation with respect to the molecular geometry;
thus, changes in µ can be directly associated with molecular
motions, such as twists, turns, rotations, or flips of parts or the
whole molecule, if the spatial restrictions of the environment
allow them.
Figure 3. Dichroism of DNAA in PHTP with direction of polarized
light (black double arrow) rotated by 90° to the direction of channel
c-axis.
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Figure 6 shows the dielectric loss ε′′(ω) for DNAA in PHTP
channels in the temperature range of 0-100 °C together with
data of solid state pristine DNAA crystal, taken from ref 54 for
comparison. No relaxation peaks of DNAA in zeolite L channels
could be found in this temperature range. The relaxation times
τ (taken at peak maximum according to eq 1) are plotted against
reciprocal temperature in Figure 7 for DNAA in channels and
compared with the pristine DNAA data54 and their corresponding
dielectric strengths ∆ε depicted in Figure 8. In ref 54, details
of the relaxation dynamics of pristine DNAA is described, being
characterized by intramolecular fast local dipole fluctuations as
well as intermolecular slow cooperative relaxation processes.
In this work, the inclusion compounds of DNAA in zeolite L
and PHTP channels show only a single relaxation process (γ
and c, respectively) at all temperatures, as discussed below.
3.3.1. Relaxation in Zeolite L Channels. The γ process for
DNAA/zeolite L is observed below -50 °C featuring a weak
ε′′ intensity and a dielectric strength (∆ε) below 0.1 over the
entire range of temperature observed. The small ∆ε values reflect
the low DNAA loading density of 32% in the sample (Section
2.1). Keeping in mind that DNAA occupies more than one cavity
within the zeolite L framework56,60 (Figure 1c), space confine-
ment impedes relaxation by rotation around a short molecular
axis. Large angular rotations, up to 60° as explained in Figure
2a, are possible only if the relaxation is by conical librations/
rotations (around a long molecular axis) that are activated largely
by the presence of the µ⊥ dipole component. From Figure 7,
the γ relaxation exhibits Arrhenius-type temperature depen-
dence,61 described by the relation
Figure 4. Fluorescence microscopy images of DNAA loaded zeolite L crystals showing polarization effects in ii and iii. The fluorescence picture
in part i is taken from unpolarized light source for reference purposes. The direction of polarization is shown by the white double-arrow.
Figure 5. Confocal time- and space-resolved microscopy images of a single DNAA loaded zeolite L crystal showing the emission lifetime distribution
(left) and the corresponding emission spectra (right). Letters A, B, and C correspond to three different zeolite L areas with an emission profile,
indicating a moderate red-shift of the band when moving from the central part of the crystal to the ends, where the excitonic coupling is larger.
Figure 6. Dielectric loss, ε′′, versus frequency for DNAA inside PHTP
(filled circles) showing the c process. The data are compared with the
solid state crystalline DNAA (open circles) data, taken from ref 54 at
the same temperatures (0-100 °C in steps of 20 °C). The error bars
are comparable to the size of the symbols, if not indicated otherwise.
Figure 7. Temperature dependence of the relaxation times of DNAA
inside zeolite L (4) and DNAA inside PHTP (O). The activation
energies, EA, of the relaxation processes in the different channels are
indicated. The data is compared to solid state crystalline DNAA (0)
data (relaxation processes b, b1, and b2) taken from ref 54.
1/τ ) 1/τ0 exp(-EA/RT) (3)
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where EA is the activation energy, τ is the relaxation time, τ0 is
the limiting relaxation time at high temperature, R is the gas
constant, and T is the absolute temperature. Given its Arrhenius
thermal activation, the γ relaxation favors assignment to local
molecular motions.40,61 It is at least 5 orders of magnitude faster
than the c process in PHTP as well as the processes found in
the pristine DNAA54 (Figure 7). The EA of the γ process is
0.31 eV (∼30.4 kJ/mol), which is in a similar range to that
found for pristine DNAA in ref 54. The limiting value40 of f0
) 1013 Hz suggests that the surrounding host channel slightly
hinders the γ relaxation, thus suggesting fluctuations of isolated
molecules. Being isolated, DNAA molecules in the zeolite L
channels have more torsional mobility around the N-Ci (i )
1, 2, 3 and 4) bonds (see Figure 1) than in the crystalline state,
where mobility is quickly damped. Furthermore, the molecular
dipole moment is optimized in the channel as compared with
the crystalline state, where it is reduced to 75% due to the
antiparallel crystal packing.33,54 Thus, the dipole mobility is
enhanced in the channels, which explains its observation at low
temperatures. The activation energy barriers of the γ process
matches that observed for pristine DNAA, which was attributed
to the intramolecular rotational or torsional mobility.54 No
additional relaxation process is observed in zeolite L: no hints
for molecular stacks or additional relaxation modes in the
channels are deduced from the dielectric results. The aggregates
at the zeolite L channel entrances as observed by confocal time-
and space-resolved microscopy data do not result in any
detectable unique (collective) dielectric relaxation. This points
to disordered arrangements in the aggregates (rather than to
ordered stacks) that still maintain their single molecule dipolar
relaxation behavior.
3.3.2. Relaxation in PHTP Channels. From Figure 6, two
features of the temperature dependence of the dielectric loss ε′′
are noticeable. First, the intensity of ε′′ and the dielectric strength
∆ε (see Figure 8) for the c process in the DNAA/PHTP system
are at least three times higher than for the b process in the
crystalline phase of the pristine DNAA material at all temper-
atures.54 This might be due to a higher dipolar response of
DNAA inside the PHTP channel as compared with the pristine
material. The increased dipole activity might generally result
from an enhanced dipole density, Fµ, or an increased net dipole
moment, µ, as predicted by eq 2. At a fixed temperature, T, for
the DNAA/PHTP system, Fµ is constant. It is therefore highly
probable that an enhanced µ of DNAA in PHTP channels lead
to an increased ε′′ intensity, in line with the amplification of
the net dipole moment induced by the chain formation as
predicted by the quantum-chemical calculations in Section 3.1.
Second, Figure 6 shows that the intensity of ε′′ for the c
process decreases gradually with increasing temperature, a
feature often observed for macromolecules and associated with
a crystallization process.61-90 In DNAA/PHTP, this seems
unlikely. Because of channel confinement, the loss of dielectric
strength in Figure 8 might be explained by the net dipole vector,
µ, of the inclusion compound and the resulting dipolar interac-
tion factor, g. At elevated temperatures, small angle fluctuations
due to dynamic distortions of the PHTP host lattice can induce
substantial reduction in µ| via the distortions from the collinear
alignment, which lead to a decrease in ε. According to Figure
2a, a dipole reduction of 13% is expected even for small angles
R, which is held responsible for the 21% reduction in the
dielectric loss when going from 0 to 100 °C.
Further insight in the relaxation mechanism of the DNAA/
PHTP system is obtained from its thermal activation. Unlike in
zeolite L, the c process in Figure 7 is slower, occurring at about
128 °C higher (compared at 3 kHz), but in the temperature range
of the pristine DNAA dynamics.54 The c relaxation shows,
generally, an Arrhenius-type thermal activation whose activation
energy barrier gradually changes from 0.37 eV (∼ 36.3 kJ/mol)
above 0 °C to 0.25 eV (∼ 24.5 kJ/mol) below 0 °C, interpreted
as reduced intermolecular forces between channels.
In contrast to the pristine DNAA material, where antiparallel
molecular stacks are formed, the channel architecture of PHTP
imposes a quasi-1D environment: large interchannel distances
(14-15 Å) and small channel diameters (4.5 Å) prohibit side-
by-side stacking interactions as observed in pristine DNAA.54
The one-dimensional molecular array in the channel can be
visualized as a head-to-tail arrangement of molecules that are
connected by flexible regions established by (weak) hydrogen
bonds between the terminal polar nitro- and dimethylamino-
groups;33 the DNAA molecules themselves show a pronounced
torsional flexibility in the azo region, which is easily thermally
accessible as “wobbling mobility”; however, they are both
derogated by the spatial confinement of the PHTP wall, as
observed for related compounds by 2H NMR and UV/vis
experiments.22 At low temperatures, this intramolecular mobility
involving few rigid polar segments is faster with low activation
energy (Figure 7), and its dielectric loss intensity is high (Figure
6) due to the dipole amplification. At elevated temperatures,
the mobility involves many rigid polar segments, and thermal
agitation further weakens the hydrogen bonding, leading to
increased fluctuation angles R and, hence, to a reduction of the
effective dipole moment. This is seen as a decrease in the
dielectric loss intensity in Figure 6. With many segments
involved, high activation energy is required, whereas the
increased relaxation length scale slows down the process.
Between the low and high temperature regions, the transitions
from low to high activation energies as well as from fast to
slow dynamics are gradual and lead to the unique changing
Arrhenius-type thermal activation.
4. Concluding Remarks
A combination of complementary dielectric, spectroscopic,
and microscopic techniques together with quantum-chemical
calculations has been used to elucidate the alignment and
molecular relaxation dynamics of a polar dye (DNAA) in two
different nanochannel environments. Although zeolite L is rather
hard but offers more spacious cavities, PHTP offers a tight but
soft environment. In both zeolite L and PHTP channels, the
Figure 8. Temperature dependence of the dielectric strengths of DNAA
inside zeolite L (4) and DNAA inside PHTP (O). The data is compared
with solid state crystalline DNAA (0) data (relaxation processes b,
b1, and b2) taken from ref 54.
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dye molecules align themselves in the general direction of the
channel c-axis. In PHTP, a quasi-perfect one-dimensional
collinear orientation of the dyes in the channels is observed,
whereas molecules in zeolite L show significant deviation from
collinearity and only partial filling of the channels and aggrega-
tion of chromophores at the channel entrances.
In contrast to the pristine DNAA material, in which intra-
and intermolecular relaxations are detectable,54 the molecular
alignment due to channel confinement in zeolite L and PHTP
imposes restrictions to the dynamics. In the less restrictive
zeolite L cavity, loosely packed dyes (isolated molecules or
dimeric units) can access high-amplitude rotational intramo-
lecular (noncooperative) modes that exhibit Arrhenius-type
behavior with an activation energy of 0.31 eV. Intermolecular
modes are diminished because of the uncorrelated molecular
distribution in the channels. In PHTP, rotational intramolecular
modes are suppressed, and instead, intermolecular mobility is
enhancedthroughdipoleamplificationandweaknitro-dimethylamino
hydrogen bonds. The activation energy barrier of DNAA
mobility in PHTP is temperature-dependent, as observed in other
PHTP inclusion compounds;22 they are reduced by 33% below
0 °C, which is attributed to diminishing intermolecular length
scale of collective dynamics at low temperatures.
In view of the basic issues introduced at the beginning of
this paper, charge transport (CT) along single PHTP channels
is geometrically favored due to the close collinear arrangement.
A recent theoretical study91 has shown that transfer integrals in
collinear arrangements can be optimized in short conjugated
donor-acceptor-substituted systems due to the reduced delo-
calization of frontier orbitals. Although our present probe is not
to be considered as the ideal guest to promote a high mobility
for charge carriers, its packing in the organic channel is,
however, in favor of it. At the same time, efficient photonic
energy transfer (ET) was observed for PHTP inclusion
compounds,18,19 thus opening the way for novel materials for
both efficient one-dimensional CT and ET. A drawback is the
mechanical stability of PHTP host-guest systems, which
suggests inorganic hosts as alternative materials. Although
efficient ET was demonstrated for dye-loaded zeolite L
systems,19,92,93 we have demonstrated that CT will not be
effective, since supramolecular wires, as in PHTP, cannot be
created, essentially due to geometrical factors (cavity size) as
well as specific host-guest interactions. Optimized materials
to overcome these difficulties are sketchy and currently under
investigation.
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